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   Using the artificial strip roughness, the roughness effects were inves-
tigated. The tests were conducted in the 20 cm wide,  30  cm deep, and 
14.4 cm long steel flume with 1/500 slope. The roughness element was a 
rectangular cross-sectional wooden bar, 5 mm in height and  6.4  mm in width. 
It was found that the resistance behavior of the strip roughness varied with 
the relative roughness spacing and that it should be classified into the ridge 
and the groove roughness. From the measurements of the pressure drag co-
efficient of the strip roughness element, the practical criterion between the 
ridge and the groove roughness was proposed. Besed on the conception that 
the equivalent sand roughnesswas an expression of the wall region where the 
intense eddies were induced by the roughness elements, the empirical logari-
thmic roughness formulas were developed.
Introduction
   During the past 30 years much research has been carried out on the 
artificial roughness. While the artificial roughness has been used as the hypo-
thetical model of natural roughness, especially as a controlling tool for the 
flow resistance in the fixed bed, the choice of patterns of the artificial 
 roughness has been left to the individuals and the lack of information on 
the choice has caused trouble in the hydraulic experiments involving rough-
ness problems. 
   So-called equivalent sand roughness based on Nikuradse's uniform sand 
grain roughness, is a common expression of the roughness effect. Uniform 
sand grain roughness has a unique simplicity in that both the size and the 
spacing of the roughness elements can be indicated by the grain diameter. 
However, the equivalent sand roughness dose not correspond directly to the 
dimensions of grain size.  In regard to this point, many opinions have been
3formed. R. W.  Powelll),2) proposed another roughness scale based on his 
own experiments using the square cross-sectional roughness elements. M. 
L. Albertson and  others') showed that certain types of roughness, in which 
the relative spacing, in addition to the relative size of the roughness ele-
ment, was an important boundary characteristic, had a different nature from 
the uniform sand grain roughness. H. M.  Morris4),6) implied that the 
roughness effects is to be considered as the relative roughness spacing rather 
than the relative roughness height. 
   In the author's opinion the value of Nikuradse's  ks, and accordingly 
the equivalent sand roughness, dose not mean a measure for  thd sand grain 
but a measure for the region close to the wall, namely the wall region, 
where the intense eddies are induced by the roughness elements. It is, 
thus, apparent that the equivalent sand roughness does not always corres-
pond to the pattern of the roughness. 
   The datum plane of the roughness. is another important factor in the 
expression of the roughness effects. In the case of a single roughness ele-
ment, the datum plane should be set on the flume bottom, On the other 
hand, if the roughness elements are placed vary close  together, the datum 
plane should  he set on the top of the  roughness elements. 
   In this study it was confirmed that the pattern of the flow over the 
strip roughness varied with the relative roughness spacing. The position of 
the datum plane was discussed from the sheltering effect of the ridge ele-
ment and the strip roughness was classified into the ridge and the groove 
roughness. Finally the empirical logarithmic roughness formulas for these 
were developed in terms of the relative roughness height and the relative 
ridge spacing or the relative groove spacing.
Notations
k  =height of the strip roughness element. 
 ks  =  grain diameter of Nikuradse's uniform sand roughness, or equiva-
    lent sand roughness. 
 s = spacing of the strip roughness elements. 
b = opening length between the ridge elements, or groove width. 
c  =  sheltering height of the ridge element. 
t  =  width of the ridge element.
4 M=  the integral constant in the logarithmic velocity distribution law. 
 CD  = drag coefficient. 
 B-=  width of the flume. 
 H=  flow depth.
 R=  hydraulic radius. 
    U= average velocity. 
 U*=  average shear velocity. 
 =  relative flow depth  ( =2H/B). 
   Other notations are annotated in the text. In addition, in the first 
test  II, R, U,  Us: and  r are measured based on the  flume  bottom and the 
values of those based on the top of the roughness element are noted after 
the dash. On the other hand in the second test those are measured based 
on the top of the roughness element. 
                      Experiments 
   The general arrangement of the apparatus is shown in Fig. 1. The 
test flume was a steel channel painted with vinyl paint, 14.4 m long 20 cm 
wide and 30 cm deep. The  flume was clamped to the steel frame at in-
tervals of  2m and set up  at a 1/500 slope. At the end of the flume a 
tail gate was set in order that the flows could be made uniform through 
the flume. 
   The flow profiles were measured by using three point gages at fixed 
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               Fig. 1. General view of the experimental apparatus
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stations, 9 m, 10 m and 11 m distant from the upstream end of the flume. 
 When the water surface fluctuated remarkably, the  pie  zome  ter and the 
auto-stage meter of electric resistance type were used  at the same time. 
The rate of the flow, which ranged from  0.15  1/sec to  15  1/sec, was mea-
sured by using a 90°  V-notch weir at the  outlet of the flume. 
   The strip roughness elements, having a rectangular cross-section of 
5 mm in heigh and 6.4 mm in width, were made from Japanese cypress bars. 
These elements were placed on the bottom of the flume with constant 
longitudinal spacing. 
   The first tests were conducted with the following 6 spacings : 80 cm, 
 40  cm, 20 cm, 10 cm, 5 cm and 2.5 cm. In order to determine the measure-
ment of the pressure drag force on the roughness element, a fistular brass 
bar having the same size was provied in addition to the wooden bars. 
Four small holes of 0.5 mm diameter were drilled in both the upstream 
and the downstream face at intervals of 1 mm from the bottom. These 
small  holes were independently led to the outside of the flume through 
the bottom and connected  with tilting manometers by vinyl tubes. The 
pressure drag force was measured from the difference in the pressure head 
between two faces. 
   The second tests were conducted with dense roughness elements. At 
first the bars were placed at intervals of 12.8 mm, twice the bar width. 
After this pattern, every other opening was filled up with a bar. By the 
same manner, the groove roughness was formed until the bottom was co-
vered entirely. Then, the groove width was held constant, 6.4 mm, and 
the widths of the ridge element were 6.4 mm, 19.1 mm, 44.7 mm, 95.7 mm 
and infinity in that order. Although the top surfaces of the ridge elements 
were painted at each reformation, some irregularity remained on the sur-
face due to the warp of the bars. 
                Results and Considerations 
   (1) Equivalent sand roughness to the strip roughness 
   The friction factor  U/  U* at each relative roughness spacing s/k ob-
served in the first tests, in which s/k ranged from 5 to 160, are plotted 
against the relative flow depth r in Fig. 2. The  dotted curves in Fig. 2 
indicate the relationships between the friction factor and the relative flow
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depth under the same conditions, but the bottom roughness is constructed 
by the uniform sand grain, calculated by the author's  method° with the 
constants derived from Nikuradse's experiments. If the strip roughness 
with a constant s/k is equivalent to the resistance to a sand grain rough-
ness, the experimental points should be plotted on a dotted curve. The 
experimental points of  s/k=10, Fig. 2 (5), are almost all placed on the 
curve of  2ks/B=  0.5. However, with increasing s/k the rows of point, as 
will be seen, run at an angle to the constant  ks curves. Although the 
datum plane of the roughness should be reconsidered later, it may be con-
cluded that the strip roughness does not always correspond to Nikuradse's 
sand roughness ; in other words, the equivalent sand roughness to the strip 
roughness should be considered as a function of the flow depth.
   (2) Patterns of the flow over the strip roughness 
   The rsistance to flow over a rough surface is generally characterized 
by the region close to the wall where the intense eddies are induced by 
 the roughness elements. Such a region may be considered as a kind of 
boundary layer and may be called the wall region. According to the 
Prandtl and  Ke.rma.n logarithmic velocity distribution law, mean velocity u 
at a distance z from the wall is given in the following form. 
 u/u*  =  (1/K)  ln  (Mz) (1) 
in which  u* is shear velocity and K is  Ka'rman constant, 0.4. Referring 
to Nikuradse's experiment, the constant  M is given as 
 M=  30/ks, (2) 
in which  kg is the so-called equivalent sand roughness. Since M depends 
essentially on the behavior of the wall region, equivalent sand roughness 
is to be considered as a paramenter of the wall region. 
   H. M.  Morris4',5) classified the flow patterns on a rough surface into 
three types. They are skimming flow (or quasi-smooth flow), wake-inter-
ference flow (or hyper-turbulent flow), and isolated roughness flow (or 
semi-smooth turbulent flow).  Skimming  . flow occurs when the roughness 
elements are so close together that the flow essentially skims over the top 
of the elements.  In such a flow, the wall region will be similar to the 
laminar sublayer on the smooth surface. Wake-interference flow occurs 
when the roughness elements are placed so close together that the wakes 
at each element interfere with those developed at the following element, 
resulting in the uniform wall region. It would seem that a typical ex-
ample of this flow pattern might be that with the uniform sand grain 
roughness. Isolated-roughness flow occurs when the roughness elements 
are so far apart that the wakes at each element are completely developed 
and dissipated before the next element is reached. In such flow the wall 
region, and accordingly the velocity profile, is deformed at each element. 
    In addition to the above classification, the transitional flow pattern 
between wake-interference flow and isolated-roughness flow can be intro-
duced. In such flow the wall region is not uniform along the flow. For 
convenience sake, this transitional flow is called incomplete wake-inter-
ference flow, and the flow with uniform wall region is called complete 
wake-inerference flow. If the wall region is not uniform, the constant M
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   (3) Drag coefficient of the strip roughness element 
   The  classification of the flow patterns is to be confirmed from the 
drag  cofficient of the roughness element because it is a significant factor 
for characterizing the wake at the roughness element. Drag coefficient 
 CD is defined in the following form : 
                      1            CD=-D/—2pkouo-, (3) 
in which D is drag force,  14 is projected height of the body to the flow, 
u0 is characteristic velocity of the flow, and p is density of the fluid. 
   Primarily  CD is a function of the shape of the body and Reynolds 
number.  If the body is angular shaped and the separate point of the flow 
is fixed, Reynolds number becomes unimportant. Since the strip  toughness 
elements used in the tests have a rectangular section and its crest width 
is small, it may be supposed that the contribution of Reynolds number to 
 CD is small. However,  th  e 
roughness elements are  plat-2.0 s/k s/k  
                                              o ed on the flumebottomCo250 8o
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   As was expected the                                     Fi
g. 4. Pressure drag coefficient of the 
correlations between  CD and strip roughness element 
H/k are good and the rela-
tive curves for each s/k may be drawn as the real lines in Fig. 4. The 
curve for  s/k=  co indicates the isolated roughness flow because it was 
caused by a single roughness element. The deviations from this peculiar 
curve are due to the sheltering effects of the roughness elements. The 
experimental points of  s/k  =160 are almost all placed on the peculiar 
curve. Accordingly the isolated roughness flow results when s/k is larger
 10 
than 160. 
   (4) Datum plane of the strip roughness 
   The datum plane of the roughness is an important factor in the clas-
sification of the flows. In the case of the isolated roughness flow, that is, 
when s/k is large than 160, the datum must be set on the flume bottom 
because the full height of the roughness element contributes to the resi-
stance. In such a case the strip roughness should be called the ridge 
roughness. On the other hand, in the case of  CD=0, that is, s/k=3.5 in 
this test, the datum must be set on the top of the roughness element be-
cause the height of the element no longer has any significance and the 
resistance depends both on the eddies caused by the gaps and the top 
surface of the roughness elements. In such a case the strip roughness 
should be called groove roughness. The position of the datum plane, 
therefore, must be determined according to whether the function of the 
roughness element is ridge or groove. 
   The effective drag coefficient CD, defined from the effective flow depth, 
 He=H—c, and the effective roughness height,  he=k—c, is relative to the 
above CD in the following from  : 
                       (1 —c/H) 2                         CDe =  1  c/k CD, (4) 
in which c is the sheltering height of the roughness element. Assuming 
that  CDe is equal to the peculiar value of CD for s/k= 00, the values of c 
 2.0 can be derived from eq (4). As the 
 Co         Ps/kr oo, 160 values ofc/H are small, the ratio f  CD° 
  
I . 0 4q                          to  CD is neary equal to 1/(1 —c/k). 
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             Fig. 6. Sheltering  effects of the strip roughness element. 
the roughness element in the transition from the groove to the ridge. 
   (5) Practical criterion between the ridge and the groove rough-
         ness 
   Although both the ridge and groove belong in the same category from 
the geometric view, they must be distinguished as the roughness from the 
position of the datum plane. As shown in Fig. 6 the roughness element 
possesses the nature of both the ridge and the groove when s/k is larger 
than 2.5 and less than 160. Accordingly, strictly speaking, the datum 
plane should be set on a certain middle height of the element. However, 
for the practical purpose, it is convenient and useful to decide the datum 
plane either on the bottom or the top of the roughness element. If the 
transition is ignored, the ridge roughness may be defined as more emphatic 
in nature than the nature of the groove. Similarly the groove roughness 
is that the nature of the groove is more emphatic than the nature of the 
ridge. By this definition, the practical criterion between the ridge and 
the groove roughness is given as c/k = 8 for the strip roughness used in 
this test. The dotted line drawn in Fig. 6 shows this practical criterion. 
Owing to the sheltering effects, the smaller longitudinal roughness spac-
ing causes a higher resistance for s/k>8 and less resistance for s/k<8. 
Therefore the above criterion corresponds to the condition which is to 
produce the maximum resistance. Illustrating other  investigations1),7),8) 
the variations of the equivalent sand roughness with the relative longi-
tudinal roughness spacing are shown in Fig. 7. They indicate also that 
the maximum resistance is produced at about  s/k=8. 
   Besides, the choice of the datum plane must be consistent with the 
resistance character, that is, the equivalent sand roughness  approaches a
12 
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the fitness of the constant  k, curve for experimental points in Fig. 8(2), 
(3) is worse  than  that in Fig. 2 (5),(4) for  s/k=10 and 20. Accordingly 
the practical criterion, s/h=8, is consistent with the classification of the 
flow patterns. It may he concluded that the ridge roughness causes the
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incomplete wake-interference  flow and isolated roughness flow and that 
the groove roughness causes the complete wake-interference flow and the 
skimming flow. 
   (2) Empirical resistance formula for the ridge roughness 
   As the resistance formula is derived from the velocity distribution, 
the problem is how to find the coefficient M in eq (1). The main  factors 
on the behavior of the wall region may be the flow depth H, the ridge 
height k, the ridge spacing s, and the ridge thickness t. When the wall 
region has a nature somewhat similar to the laminar sublayer, Reynolds 
number becomes a significant factor. However, in  this case it may be 
neglected as a result of the fact that the pressure drag coefficients were 
obviously not influenced by the Reynolds number. Based on the concept 
of dimensional analysis, the following relationship may be given  : 
 Mk  =  cb(H/k, s/k, t/k) 
or using the equivalent sand roughness  ks defined by eq (2), 
 ks/k=30/0  (H/k, s/k,  t/k). 
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Fig. 9. The empirical relationships for these are given as 
 m=  0.79(s/k)-8•26 and  (I=  0.02(s/k)°.8. (7) 
                              The points for  s/k  =  160 in Fig. 10 
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     Fig. 10 Values of m and 0.                                 following form 
 U/  U*  =  1.5  logN(s/k)  —  19.1  ±{5.75  +0.12(s/k)0'8)  lOgio(H/k). (8) 
This is the empirical formula for the ridge roughness with the incomplete 
wake-interference flow,  8  <s/k  <160. 
   (7) Fitness of the empirical formula for the ridge roughness 
       for other investigations 
   R. W.  Powell"' conducted investigations on the strip roughness which 
consisted of 1/4" and 1/8" square cross-sectional elements. The flows in 
his experiments belonged in the category of the incomplete wake-inter-
ference flow because the relative roughness spacing s/k ranged from 20 to 
160. He proposed the other empirical formula using a new parameter of 
the roughness instead of the equivalent sand roughness. Rewritting his 
formula in the dimensionless expression, 
 U/  U*  =  7.41  logio  (RA)  •  (9) 
The appearance of the incomplete wake-interference flow would be a reason 
why the new parameter  E was needed. 
   Referring to his original date for the mild slope flume, although his 
investigation extended to supercritical flow region, the relations between 
 U/  U* and R/k for each  s/k are plotted in Fig. 11. The curves in 
Fig. 11 show the relationships of these based on the author's empirical 
formula. Strictly speaking, the agreement between the points and the
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curves is not complete. A cause of the disagreements may be the fact 
that the disturbances due to the roughness on the botton and the side 
walls interfere with each other extremely because the flume is relatively 
small. However, the disagreements are not so excessive as to deny com-
pletely the fitness of the author's curves. For the practical accuracy, such 
a degree of disagreement may be allowable enough.  
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          Fig. 11. Relations between  U/U* and R/k after R. W. Powell 
As the second example, the experimental data on the triangular sectional 
ridge roughness obtained in the investigation of W. E.  S.9), are plotted 
in Fig. 12 after the same fashion. The curves based on the author's 
empirical formula, agree with these experimental points, regardless of the 
difference of the shape of the roughness elements and the material of the 
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flumes. 
   From the above two examples it may be conclued that the author's 
empirical formula for the ridge roughness with the  incomplete' wake-inter-
ference flow is validated. 
   (8) The resistance character of the groove roughness 
   The roughness effects observed in the second tests, in which the strip 
elements were set on the bottom close together and the relative groove 
roughness s/b ranged from 2 to 16, are shown in Fig. 13(2)—(4) after 
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the same fashion as those in 5 
Fig. 2. Fig. 13(1) shows ks Foprog NEE 
                        Ire.-.Q that of the groove roughnessk /b-1;4° •         2— 
in the first tests, Fig. 8(1). 1.67 Joh so ••°. 
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roughness. From these results 
therelations between the 
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                           1 and the hydraulic radius of0.11 2 5  10 20 
 Rik 
the flume bottom are obtained 
                                  Fig. 14. Relations between  KJK and  RIK 
as shown in Fig. 14. The 
data of J. W. Johnson's  experiment71 in which rectangular cross sectional 
elements were used are added as a complement. Although the points are 
scattered, especially for s/b>4, the equivalent sand roughness may be 
given as a constant for each s/b as shown by the broken lines. 
   The skimming flow, by Morris classification, will result when the dead 
water or the stable vortex is caused in the groove. However, if the longi-
tudinal width of the top surface is small in comparison with the groove 
width, it is doubuful that the dead water or the stable vortex is caused 
in the groove. In such a case the complete wake-interference flow will 
result rather than the skimming flow. 
   The author expected in the begining that the skimming flow would 
occur for large s/b. However, it was apparent that the experimental 
values of  /4 were independent of the flow depth. Even for  s/b=  co, in 
which the grooves were filled up  entirely, the smooth surface flow was not 
observed as shown in Fig. 14. This absurdity may be caused by the 
irregularities of the top surface of the wooden bars which fill up the 
grooves. According to Morris, the increment of the resistance coefficient 
due to the groove element is given as 
 f—fs  =  0.05(pr/p0)(b/s),  (10) 
in which f is total resistance coefficient  (=8/(U/U*)2), fs is resistance 
cofficient of the top surface,  po is the wetted perimeter, and  pr is the 
roughened perimeter. Based on eq (10), the increment of the resisance
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coefficient due to the groove element in the author's tests would be about 
 5  X  10-2-4.0-2 for  s/b=4 and it would become small in inverse proportion 
to the increase of s/b. On the other hand, the corresponding total resi-
stance coefficient in the tests ranged from about  2.5  X  10-2 to  8  X  10-2. 
Consequently  the contribution of the groove element to the resistance may 
be neglected practically for s/b>4 in this test. 
   (9) Empirical formula for the groove roughness 
   The essential difference between the groove roughness and the ridge 
roughness is that the wakes at the ridge elements are restricted by the 
 10   grooves. Accordingly the groove width b 
ks   t/k 
may be an important factor. Fig. 15 k 
0 Johnson 4  5 
 e Le Roux 3 shows the relations between  ks/k and 
   o Bazin 2.7 s/b, with other added experimental data 
      e 
                 Jonassen 1.5     p
  2 0 Smith  1.25 shown in Fig. 7. Assuming a straight 
              •  Ada  chi  1.2 line for representing these experimental        
\  o  Hosoi  I  
1e JonassenIpoints in Fig. 15, the empirical for- 
             10                            mula for ks is given in the following 
0.5 
         ,exponential form. 
       111311111111  ks/k=10(s/b)-3'3. (11) 
 0.2  MINIM Inserting the above relationship into 
 j33                               the logarithmic resistance law, the  resi-
 0.1 stance factor for the two-dimensional 
              =mom 
 a,7^^8 flow is written as  : 
0.05  11•1111M11  I 2 4 6  10 U/U
*=  0.25+19.0  logio(s/b) 
                 s/b  +5
.75  logio(H/k). (12)    Fi
g. 15. Relationship between 
    ks/k and s/b This is the empirical roughness formula 
for the groove roughness with complete wake-interference flow. 
   If s/b approaches 1, the strip roughness will be the the ridge rough-
ness. According to the previous practical criterion between the ridge and 
the groove roughess, the lower limit of the value of s/b for the groove 
roughness in the tests may be 
 s s/k-t/k 8 - 6.4/5.0                                                         =1.2         b s/k 8 
   Besides, if s/b approaches infinity, the value of  U/U* evaluted by
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eq(12) also become infinity. However, there must be an upper limit for 
 U/U* because the total resistance is never less than the friction resistance 
of the top surface. Since the contribution of the groove element to the 
resistance becomes negligible as increasing s/b, the friction resistance of 
the top surface can  be considered as the upper limit for  U/  U*. In this 
test,  ks/k>0.4, accordingly  s/b<2.6, may be the upper limit. 
                        Conclusions 
   This experimental study may be summarized as follows  : 
   (1) The equivalent sand roughness does not always correspond to the 
roughness pattern and varies with the flow depth. It may be considered 
as a measure for the wall region consisting of the intense vorticities caus-
ed by the roughness elements. 
   (2) It may be needed for representing the roughness effect of the 
strip elements with the relative spacing s/k ranged from 8 to 160, to 
introduce the transitional flow pattern between the wake-interference flow 
and the isolated roughness flow, namely incomplete wake-interference flow, 
in which the wall region is not uniform along the flow. 
   (4) The condition of s/k=8 in the strip roughness may be a practical 
criterion for distinguishing the  ridge and the groove roughness. In the 
case of the ridge roughness the datum plane is set on the bottom of the 
flume and in the case of the groove roughness the datum plane is set on 
the top of the ridge element. This criterion corresponds also to the condi-
tion which is to produce the maximum resistance with the strip elements 
   (4) The empirical logarithmic roughness formula for the ridge rough 
ness with the incomplete wake-interference flow was developed in terms 
of the relative roughness heigh H/k and  the relative ridge spacing s/k, 
as eq(8). The similar empirical formula for the groove roughness with 
the complete wake-interference flow was derived as eq (12) in terms of the 
relative roughness height H/k and the relative groove spacing s/b. 
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